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Several investigations have been conducted on pura bending of fase 
centered cubic netats, 2) (2)(3) Structural changes as a result of 
"bond-gliding,”™ ani the importance of bending and constrainta during 


{uy (5) it was evident that. 


conditions of axial stressing, have been noted. 
the michanism by which the bending daformation occurs is mre comlex than 
the case of aimple shear, Studies of the bending of body~oantered oubic 
mtals from the aspect of the crystallographic mechanian apoear to be 
leaking. Molyvlenun single erystels were thorefore subjected to deforme- 
tion by banding in order to detormine the reaction of the body-sentered 
oubic lattices to bending atresses, 

Th ripht be axpasted for the banding of single oryntils that lattice 
rottticn as represented by the acts of compression would procesd toward 
the pole of the active sido plane and that rotation of ths tensile otrasa 
axis should trlcatc tha slip direction, Tt wan thaorefore boiteved 
that a study of the tension and compression aldez of bent molybdenum single 
erystals ssowld pive data sonterning the operative slp systen. Speciitis 
pec dlass wien ore portinant to the over-2ll ploture of plastic deformation 


apy alga incastiviled, S.jto, bheathe the constrainia offered by pure 
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2 
bending give rise to the deformation band, and also the nature of the 
asteriss cecurring on the tension and commression aides during the stages 
of defarnation. 
EXPERIMENTAL PROCEDURE 

Right single arystal specimens ware grow from sintered mlybdemm 
roda 1/8 inch diameter using the method described in a previous publica. 
tion. (© The purity of this material was reported as 99.5 pot. as 
das ard bed saeiere The specimens ware 1/8 to 1/10 ineh in diameter 
x 7 inaheas long, with single orystals apnroximately 1 to 2 inches in length 
occupying the entire conter sections of each specimen. The specimens were 
electrolytically polished using an electrolyte of 300 cc methyl aloohol, 
60 oc ASO, 130 cc HCl, and a current density of lh amperes per square inch, 

Each specimen was then loaded in a bending apparatus similar to that, 
wed by Yen and Hibbard, 2 as shown in Figure 1. The load was applied dy 
means of a spring and screw arrangement throuch four ball-bearing surfaces 
set 1.5 inches apart, Either the inner two bearings or the outer two 
(a, b, Figure 1) ware attached to a movable steel plate (d) through whish 
the load was transmitted. Sinoe the apparatus was mountod on a track of 
the Ieray apperatus, the tension or conpression side of tha specimen could 
de sat up for exporaew by intarshanging the bearings, For sxample, when 
the inner two bearings were attached to the movable plata, the specimen was 
sot mm for axposure on the tension side, and when the onter two bearings 
were attached to tha movable plita the specimeri was axposed to the J~rays 
tn the coxgprossion side, 

The load was miasural by a calibrated olin gags (e in Meure 1), 
wing SRel type A-L strain gered; the deflention was measured wisllarly 
nity a calibrated olip gage Cf). Load and deflesticr sere measured by 


= 
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geploring 4train insiicatora,. The load qanid be maepew'ed fe 2 mindees of 


4 
00,0005 powad and the deflection to 0,0001, inch. | 

ieray back-reflestion Lane photogramy of the sans position on eaah 
apecimen vere taken befers bending, and at duccessive stages during the 
bending with the load applied but not 4norcasing. The lattice rotations 
were then plotted in a stendamd stereocranhis projection from the photo- 
gram. The entire course of deformation was followed-in detail on the 
oompression side for spocimera M35, 4-53, 488, 4-90 and M181, and on 
the tension side for spactmens MUS, 459 and M-184. Considerable accurasy 
could be attained in the do termination of the above lattioe rotations with 
the present exparincntal arrangemont, since it was only necsesary to keep 
the Mls to specimen distance constant without any re-alignment of the 
spesinen. However, detutmiration of the lattice retaticns in the opposite 
sides of tho above spoctmens could not be obtained with the same accuragy, 
particularly where the total rotation was small, sinoe only the initial 
and final orientations ware determined and re-aligrment of the speciaen 
was required after unicading, The nature of the asterism oceurring on 
the tension and compression sides of the bent specimans was noted from 
the X-ray pttotograms ,. 

The eight specimens, M35, M-S3, MOS, MOS, M89, M90, W181 and 
M18, were bent through tha following final angles: 13°, 10°, 16°, 10°, 
16°, pi hg j n° and is? respectively, Micrographic examination was carried 
gut to detarmine the characteristics of the deformation markings appearing 
on the surface of the e@lactropolished speatmens after bending, and alse to 
determine the pole of the slip plang, Meaagurecints on those specimens 
rherd faa g@lip lines e:uld be cheerved satisfactorily were mule at each 
R9° fom tort resitions aarourd the specleen axia on tho mtallograph. 

An iyiloator war attached to the sperimen along a relaranoe mirk that 


way nivo com for Lhe Teray daterctnatici of the orleantation. The angle 


ug. 
of relation wae nanarrced on a probteacber ct ached to the wetallopraph stage 
ad rited by tia Indisater, The anzle betwaen the specimen axis and the 
slip surging waa then determined at a maeifitation of x L060. The orienta 
tion af the speainens after deformation was always used in correlating 
slip traces measuced om the matallocraph with the orientation devernined 
fron x-ray. 
RESULTS. AND DISCUSSION 
Lattion Rotation 

The specimen axle orientations for the initially unstrained crystals 
tee shown in Fipure 2 in a standard cubio stereographic projection. The 
spediven ius or lattice rotations whieh ossurred on the oompression side 
Gurine the bending tests are give in Meures 3 and. It 4s evident fron 
Fire 3 tot srpastinons 1-35 and U-89 showed a definite rotation toward the 
(01) Ze altcough tha evidenss for speciman M58 is cnly alight. In 
Figure 4 the specimen axta rotubien for specimens M-83 and M=-181 was again 
olearly teward the (101) polé, Howeyer, some acatter in the rotations was 
Ottained for specimen M«90, althourh there is an apparnnt retation toward 
the (101) pole. 

The spesimen axis shift for the tansion side of specimens M05, M69 
acl N~lbL after incressed amonnte of bending are shown in Figure 5. The 
rotations ware oleaarly toward the (sia J direction for seach of these threes 
Specicung, It should ba noted that the (132) ‘lrection 4s contained in 
the (102) plane. 

The wAccdta pragsated in Flmowes 3 and 4 have abown that the lattios 
m 8 cttese on they gcopresaicn side of bent single crystals of molybdenum 
nad MS FG as aay asm Rg i j20| pele. Also, rotations on the tenaion side, 
as idwtr«. in Fi ciate &, werk toward the fia] rection, It La well 


cet sp ee Ont See a sine oye fad deated in womwession, the Lattice 
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rotathen “axes plied in auch @ money ‘that the sidp plene apnewaches the 
qommaitien planes for tansile loading the slip direction epproaches the 
atrass of ton@ton axis, (8) I% would also be expested from the bending 
work of Yen and Hibbard’? tht retation of the Lattios on. the compression 
pide would prececd tovard the pole of the active slip plane and that 
rotation on the tanaion side should indiosta the direction of glide. The 
presqut reaulta, therefore, appear to indicate that the slip planes are af 
the type {329} and the slip direction €lll >for molybdemm singles crystals 
daformed at rows temparatira. These results for lattioe rotation in bend 
Ang ales sipgnort carling findings of Chen and Maddin (7) in the plastis 


behavior of molyixicnua single crystala, It is also worthy of note that 


tao clears of oriontation on tho compression and tension sides of a 
rolybcemr single crystal (e.¢., 39), appears to resemble that of two 
moneriie cryatele deforming uxter caspresaion and tension loading 


(1) 


reanaotively, Yen and Hibbard’”° also reached a similar conclusion for 


the transverse bending of single crystals of aluminum. 


As terion 

T-ray back-roeflection patterns, in conjunction with the load 
dafleation taste, rovasied that the distortion of the Laus spots appeared 
when the sonciaen was subjected to loading beyond the yield. A progressive 
Sracecae in the aammt of astertan on the tension or compression sides was 
sleo votol rith increasing plastie deformition due to bending (Figure 4), 
SON ¢ Aert ot asterian wes wroally somewhat lorger on the tension side 
L Aon tit saepeossion side, althougn <bont equal asowmts of asteriana 
“7G Chlainal en the tenaisn and onvoreasion sides of M35. Tray photo 
tate of Ute reuteal region, dade, 90° from the tension or comresst oti 


afoag \*ove Ove sisdee abould bs theoraticoally sero, dncicated very littia 
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aaterisn even after considerably berding. 

T% wea observed Ghat the Loans spots Dron the tension side appeared to 
ba elongated din the diregotien aparoximotely parallel to the specimen axis, 
whereas those on the cocpression sides ware elongated in the direction 90° 
te the former one (Fig. 7a,b), However, the axterism sharecteristie of the 
oomupression side was alightly curved thu inilicating that arystallite 
rotation may have cocurred about tue or more aves, The asterism from the 
tension side was gemrally a line type streak for the usnal film to specimen 
aistance of 3 am. However, when the Lava reflection from the tansion side 
{s enlarged by intreasing the film to specimin distance td 12 om, a very 
complex type of astarian 1s ruvealed (Figure To), It 1s evident, however, 
that the present obsorvationn coricerning the type and extent of astarisa 
soggeat that the tension and compression sides of a bent molybdenum single 
crystal may be deforming as two different oryatals. 

Ryidence wae presented by Chen and Maddin'? for wolytdenim single 
erystale deformed in tension that asterisa is crystallographic in nature 
and copretants a trun account of plastiaity in the apecimen. It appears 
possible, therefore, to obtain information on the slip clessnts by 
plotting stereographically the crystallite rotations from the end points 
of Lane spota showing asterism, This was tne in Figure 5 for the tension 
gfde of those specninans which showed considerable asterism of the line type 
gireak, The ofystallite rotations on the compression side were not 
de taraiined dium to tha curvature of the Lane spots, hm of the specimens, 
mes am W-59, indinated a possible rotation toward the i2t} sirection, 
tile soeoimen M16) gaya wo licht evidence far rotation toward {ta} P 
it. ko interesting to rote thit the eryatalitte rototione ag determined, 
frum bbe extent of asteriaa rarw the sie os the Tntidce ce apesinn axle 


vetattonw for sweckoos M0> and Bel}. Tha istiics roketion on the tendion 
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dide of MalSL gave a elicit indication of movenant tonard (Tty] 4 ond the 
eryitallite rotation was towards [T22] . the pole of the observed alip 
trusos on the tenaicn side of 4-181 (Magura 5) appeared to indicate the 
operation af the wltp plang (101), which contains both of these directions. 
Thy present remulte of sterwegraphie analysis of asteriss indicate that. 
in the determination of slip elenwenta, it apnears of value to oonsider 
the alterations in the atrustore az shown by the formation of asterian. 

Yen and Bibbard have observed a aplitting of the Lave reflectons 
into dLacreate apots after bending in two of their ten single crystal 
treoinens of alortinwu:. They attributed this split-ap of Laue spots to 
aystallits fragemnhations A breakewp of Lave spotea into individual areas 
was also obcorved in a single crystal of milybddenm bont through an angle 
at ‘5° at, 21,00°C (92 which was attributed to polygonisation. In the present 
studies, diwision of the Laue reflections into high intensity areas was 
observed in all of the crystals bent (Fig. y. However, these high intersity 
regions rore alwayn connected by diffuse areas, Consequently, it seems 
roeat-nable to interpret this phenomenon in terse of crystallite fragumnte- 
tion where the jrdividnual crystallites are conneated by high strain regions 
whleh may account for the diffusensss axisting. between the fragmenta pro- 
tlusing tha high intensity refleation:. 

Metal lographia Oteervations 

Wiergaropio axexdimation of both the tension and compresaion sides of 
OSA oar made at Low and birch magnifinatiorne, Figure 10 shows repre- 
avnatabive choteniecrogranks of the markings at different positions arvund 
ths pewiebors gn te taraion and cospreasicon sided, No marked difference 
‘ed J liteeyeshe in the cloeescoplo apeteraren of the moirkings on tie 
tarelon and compressian sidew, Two distGinst typed of marcings oan be 
rated —~ defloration beosla and alip lines. Nhetiner ths slip lines could 
i Share is ebrapyed) in the peacivens exardined, they 2ere alee atraigtri.. 
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Astorsst*am bowl san be sao ta anit inte two barxls. The apnearance of 
the bewtg Peete bed do Bieere 10a,6,d,e, ane somewhat sindlar to the 
Meidu Jinia™ socespad ia wrtended aediug, potessiun'20) and wercury single 
array fe wy 2) at Jor mariifisoticns., Stersograpito analyses af the Lines 
on more than one sutface of U-£9 appeared to indicate that the Lines 
cormasio i to the (101) plane, Thiw result is in agroerent with the I-ray 
data fur tha rotation on the compression side of M89 (Figure 3), J.0., 
towant the (101) pole. 

stetveoyrarhio analyses of the slip 1ines on the tension side of 
wpécinans MulGl:, M«LOoL, NOY gore tho following results: The pole of the 
sbvorved slip traeay for M~18l wae in the vioinity of (101), 4.6., within 
5° ~ c » oF Dosiceted in Meure 5, The lInttios rotation on the tension 
aide of tris sane crystal B16, gave a definite movommnt toward the [ata] 
irdatded +hdeh ds sontained dn the (101) plane. The slip plane on the 

tension sica of 2181, as datermined from zlip traces, wis near the (101) 
pole (Fim, 3). The (201) plena might account for the lattice or 
erystallits rotations on tha tension side of M~151. Although the pole of 
the slip traces for the tersion side of M53 was not located at any plane 
of low indics3, 1% was closer to tha (122) or (213) planes than to any of 
Li faio} pias (Birure CG), This is dn agreement with previous observa- 
tiers of thea evctosaston of misyblemm single orvstals with this initial 
orinatartont?? 

It om by ccmluie! fro the present data that in three of the four 
“aces wh re ald bows crotd be cloarly observed, the pole of the #litp 
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behavior ith réhecnntion during loacing. This relaxation ocourred during 
the ting when the Jeray patterns wore obtained, with the load applied but 
not fooptagine for intervals of aroamoxisately one hour. It is believed 
that the lost-relaxation shown here may be characteristie of the specimen 
rather than dua to relaxition of the spring, sirice the spring was rated 
at 50 pounds and tho loads were never above three pounds when thede re- 
Laxutions were observed.” The various loadleflection curves did not 
aprwar to vary signifieantly for differant orystal orientations. 

Tre maxtoum noreaal stress Sn for rou specimens is given by the 


sim.e beam formula: 
_ 2PL 


. ante. (1 ° 
37 Yr 


where ? is the load in grams, Lis the lever arm in om (125 om in the 
presont. work), and r ds the radiws of the specimen. ‘The maximum normal 
stress for the onset of plastic deformation was of the order of 7} kg/sm* 
for ths variow oryitals tested. Since ro definite yield pointes were 
observed, the value of P was arbitrarily taken as the intersection of the 
bast attadsht lines through the curw where the load—déflection initially 
stored a staap risa and the curve where the load-deflsotion is gradually 
QKlattened, If it 15 assumed that slip takes place under the same con 
ditions as imjaxtal leading, the regolved shear stress, 3,, along the 
omratios slip plane may be calanlated by cultiplying equation (1) by 
sinLesA, woaere 2 is tha angle between the spesizen axis and the major 
wha af the mlide @#lidnae xod Ais the angle between the apecinean axis 


wid tha su dbracthote For tisda spasirens where the rogults xppeared 
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# Tide bullal ia also aveported by bending texts on 1/6 in, dia, steel 
rede dg wich mo relaxation effact was observed uring tha sams bending 
anpataios with Icads oo te 5 pounds ard tires ap to 15 ours, 


v8) 
to indicate that the plane ating wes (Toi) [101], the resolved shear 
strees in berxiing 4s calculated to be aporecimately 34 kg/nm* (S000 p.ei.). 
Kochendorfer'3) has reported that the orttdonl shear stresa observed in 
bending my be 1.7 tines greater than that in umlaxial loading for round 
spociamna, This might indicate a resolved shear stress of the order of 
2 eg /nas® for molybdema single crystals subjected to tmiacial loading. 
Rowever, the valuue of resolved shear stress reported here can only be 
regarded as approcimate because of the arbitrary value of P in equation 
(1) and because of the assumptions made in ths ealoulatiors. 


SUMMARY 
A sumary of the slip elamenta detersisd in this investigation is 

ahown in Table T, 

Ll. Lattice rotation during bending of molybdenum single crystals was 
found to oeocur toward the {120} pole on the compression side and 
toward the (111) direction on the tension side. 

2e Crystallite rotation deternined from asterisn and cbeervationa of 
Blip traces appeared to inmiicate the partiatpation of the {110 } 
plates and the C111) directions. 

4. Tho resulte do (1) and (2) above eupport the suggestions of Chen and 
Madjin that the slip planes ary of the type [220] and the slip 
dLreation (11) for molyddenusa single erystals deformed at room 
temperature, 

ue The orfentation change on the compression ant tension aides of a 
molyddearan almrle eryxtal during benling are aindilar to that of tr 
separate coystals deforming under ccaoression and temilon loading 
res pec Lively. 


5. A relaxation in load up to 0.5 pounds was outainixd in the bending 


ef miyddemm angle crystals. 
$8 eos reflections goncraliy revealed a break-up which is interpreted 
as aryetallite framsentetion. 


ACKHOWLEDONENTS 


The authore would like to thank Professor R. B. Pond for his help 
in the construction of the apparatus and the Office of Nawal Researoh 
for support of their work wndter Project BR 03403. The assistance of 
sa. Dorothy Sohaeffer in the growth of the molytdecun single crystals 
is gratefrlly tamowledged. 


REFERENCES 


1. M. XK. Yer and W. R. Ribbamd, Jr., "The Transverse Bending of Single 
Crystals of Aluzinus," Trans. ADS (1919), 185, 710. 


Zz, RA. W. Cahn, *Recrystallisation of 8 Crystale After Plastic 
Bending," Journal Inst, Metals (19g 16, 171. 


J. <A. Kochendorfer, "Plas‘iishe Rigenshaften von Kristallen um Metallischen 
Werks toffen," J. Springer, (19121). 


ls R. Raddin, C. H. tlathewson and %. R. Hibbard, &., "The Active Slip 
Syotens in the pcm Axial Exterision of Single Crystalline Alpha 
Brass," Trars. AIMB (1949) 185, 527. 


Se We. X. Chen and 0, H, Mathewson, “Structural Studies of Plastic 
atl in Aluainos Single Crystals," Trans. AIMB (195).) 191, 
3. 


6, NM. OK. Clen, Re Maddin, and R. B. Pond, "The Orovth of Mol yodenus 
Single Oryntals," Trans, AUKE (1951) 191, bl. 


To Re Ky Chen and 2. Madiin, *Flastioity of Molybdemm Single Crystals," 
TTAMS > ADE (2951); 19); OAT. 


C. O. 8. Dowett, "Structure of Natale,* 1913, new edition, 1952, 


oe OO, Fa U9 acd By Meddin, *Cosservations on Cleavage end Polygonisation 
ar Nolyocventa Single Grystala,* Tprany. ATMS (1951) 191, 531. 


Mi, Ey MN. Dat Andrade and L,. 0, Taden, at of Single oo of 
Jott pn ed Potaeetun," Broo. Roy. Soc. (1937) 163, 1. 


tt, K. Me Greenland, "Slio Bends on Maroary Single Crystale,” Proe. 
Woy. Soa, (L937) 143, 26. ee 


43 
AY ot 


TALUS I 


mitt epee ates Oo wk eGbIP ELYENTS 

tbe Seer ie ee ce nL ele! Cok ad Ape ERE Sak Site ate ct comm, Zane bind fer eereneentetinds 
Caorressicy Sige Tension Side 
eaten“ aeabnane ht ephtar lee" aca Tat ly, Alea are, ‘Hore Litany Adrian POY PRERIE n RSRINTS OER, 


Pas (foxy* o 

ao. (¥ox)* et (L12) or (on) 
"Os ae (ix) +#* 

7.2. so maa (for)? 

i (Zou) fiiayjts? 

B50 ed (102) it 

Moen (tor)* (in],* Evel * cory? 
bh aw (xmj* or)? 


Xd Latvice eotation 
2 ARES S ae aalea is 
A. pli Urucee 


e drut fickent rotation fer positive 


Pa a Re . 
et TY 


TAGLE. & 


at Sabb SEBEL mal h* ELEM do 
em alifm wiae OG eRe Teal naan pbsnieile Lohomnniy eer onc eaAah atte tr raat Viethen: ay Weyieg arpa rit 


Pom sseaien Side Tension Side 
Metal! "glenda Ween Re ARI ecovthnetet toned pememb rata etm ay ert pret SG Great | ata AERA IS MEY 


wee 


BIS ous* ee 

133 (Fou)* ee (2) oe (233)" 
u 8g ~~" (ay*s* 

WEQ Gr) au (fox)? 

sly (fox > psa? 

KO aw (10%)4 — 

y-19 (ion [xs], [an 2” (0x)? 
ALLL —* (ray* (Tou)° 


Lh: Jathice sotation 
*> wMiterian analrads 
3; #lip traces 


&  drauliedent rofution fur positire 
Andie ction 


Figure i, 
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PXIGURES 


Bending apparatus assembled at X-ray maohine; (a,b) Stationary 
bearings; (e) Single crystal. specimen; (d) Mowable steal plate; 
(eo) Load cell; (£) Deflection cell, — 

Orientations of crystals inveetigated. 

Pr section of M35, MES, M89 showing specimen axis rotation 
on the coupression side. | 
Prajsetion of M-83, M90, M~183. showing spectaen axis rotations 
on the coupression side. 

Projection of M-85, M-89, M-15y showing speciuzen axis rotation 
on the tension side and pole of observed slip traces for M-13k. 
Laus photegrams of compression side of M-181 (left) and tension 
side of W-85 (right) after increasing amounts of deflection from 
0° to 16° and 12 reapectively. 

Laue photogram of M-35 after bending through 13°. (8) tension 
side, (b) compression side (note change in direction of asterisn); 
film to specimen distance 3 ca. (c) Same Lane reflections ai in 
(a), but with film to specimen distance equal to 12 as. 
Projection af ub, B85, M89 showing oryitallite rotations 
obtained from asterism on the tension side and pole of obsermned 
slip traces for 4&8} and ¥-162. 

Laue pootogrem of tension aide of W-lGL after inareasing amunts 
of deflection from 0° to 15° showing 6 break-up af the Laue 
reflections into high intensity regione comnected by diffuse 
areas , 

Deformation bands and elip lines of tension side (a)(b)(e) and 
compression side (d)(e)(f) of specimen M39, Stree acie is 
horisontal, x200 

Load teflecticn curves of scécinens 55, 1-03, and WOO, 
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